In this study, a water solution of dye (whose Schmidt number Sc is about 3,800) was issued into the quiescent water as an axisymmetric turbulent jet and the simultaneous measurements of axial velocity and concentration have been performed using the combined probe of I-type hot-film and fiber-optic concentration sensor based on the Lambert-Beer's law. Then we calculated the PDF (Probability Density Function) for the streamwise velocity derivative ∂u/∂x and streamwise concentration derivative ∂c/∂x. It was confirmed that the PDFs for ∂u/∂x skew negatively, and the values of skewness (S ∂u/∂x ) and flatness factor (F ∂u/∂x ) are consistent with the other researcher's data (see Sreenivasan and Antonia, Annual Review of Fluid Mechanics, Vol.29, 1997, where the extensive past data of turbulent velocity and temperature (whose Prandtl number is Pr = 0.7) fields are summarized). However, with regard to the PDFs for ∂c/∂x, the skewness (S ∂c/∂x ) show the values very close to zero, unlikely the past other data of the temperature fields which show the magnitude of 0.5 ∼ 1.0. On the other hand, the flatness factor (F ∂c/∂x ) show the values of 7.0 ∼ 8.0 which are consistent with the temperature fields. This result suggests that the fine-scale structure of a highSchmidt-number diffusion field is almost isotropic although it is intermittent.
Introduction
It is known that the slopes of the energy and scalar spectra (or equivalently scaling exponents of second-order structure functions) depend on the Reynolds number (1) - (3) . This
Reynolds number dependency is closely connected with the intermittent structure of viscous and scalar dissipation regions, so called the internal intermittency. In order to evaluate the internal intermittency quantitatively, the skewness and flatness factor for the velocity and scalar derivatives are commonly investigated. For example, Sreenivasan and Antonia (1) and Warhaft (2) reviewed the past other researchers' data and discussed the Reynolds number dependency of the skewness and flatness factor for the velocity and scalar derivatives (see also Ref. (3) in the aspects of structure functions). However, the past researches on the behavior of passive scalars in turbulent flows have focused mainly on the case when the Prandtl number Pr (≡ ν/κ, where ν is the kinematic viscosity and κ is the thermal diffusivity), or more generally, the Schmidt number Sc (≡ ν/D, where D is the molecular diffusivity of matter) is around 1, so that the data of the high-Schmidt-number scalar have not been almost dealt with. Recently, Antonia and Orlandi (4) discussed the effect of Sc on small-scale passive scalar turbulence on the basis of DNS data, although the data shown in their report are for the case of Sc = 64 at the largest (5) , so the data of high-Schmidt-number scalars are still lacking. Therefore, the
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Vol. 3, No.2, 2008 Fig. 1 Schematic of the experimental apparatus and coordinate system Fig. 2 The combined probe for the simultaneous measurements purpose of this study is to give the fundamental data of the derivative statistics of velocity and scalar in a high-Schmidt-number diffusion field by the experiments and provide some impetus for further research on the effect of Sc on the statistics of the scalar field. 
Experimental Apparatus and Conditions
The flow field investigated in this study is an axisymmetric turbulent jet. Figure 1 shows the schematic of the experimental apparatus and coordinate system. The water solution of dye, which is called C. I. Direct Blue 86 (Sc 3, 800) is issued into the quiescent water stored in the open tank whose size is 240 mm (width) × 315 mm (height) × 850 mm (length). The water level is adjusted to 300 mm and the nozzle of the exit diameter d = 2.0 mm is set at 150 mm under the water surface. The coordinate system is the cylindrical one whose origin is at the center of nozzle exit, and x and r are the axial direction and radial direction, jet Reynolds numbers Re (≡ U 0 d/ν) = 6,300, 9,500 and 13,000, respectively. The combined probe of the I-type hot-film and fiber optic concentration sensor (see Fig. 2 ) is used for the simultaneous measurements of the axial velocityũ and concentrationc. The I-type hot-film sensor (TSI 1210-20W) is a quarts-coated platinum wire whose diameter is 51 μm and the length of the sensing element is 1.0 mm. On the other hand, the concentration of the dye solution is measured by the Lambert-Beer's law (6) . The fiber-optic concentration sensor consists of two facing optical fibers with core diameter 9.5 μm, and the spacing between two facing fibers is about 0.7 mm. As a light source, the laser diode (HITACHI HL6714G) with a standard oscillation wavelength of 670 nm is used since the light of this wavelength is efficiently absorbed by the present dye whose absorbance spectrum shows the peak around the wavelength of 665 nm. The laser light is transmitted to the sampling point by the optical fiber and passes through the measuring volume (the space between two facing fibers). The light passing through the measuring volume is again received and transmitted by another optical fiber and detected by the photomultiplier (HAMAMATSU PHOTONICS H6780-20). The arrangement of the combined probe for the simultaneous measurements of the axial velocity and concentration is shown in Fig. 2 . The distance Δ between the I-type hot-film sensor and the fiber-optic sensor is set to 0.3 mm. It was ascertained that there is almost no interference between the signals obtained by two sensors. All the data of the present experiments are processed by the personal computer. The sampling frequency of the data is 20 kHz and the total number of sampling data for one record is 262,144, which correspond to about 13 seconds. With regard to the error of measurements, we investigated the effect of Δ on the velocityconcentration correlation u(r = 0)c(r = Δ) at x/d = 30. Consequently, the error of u(0)c(Δ = 0.3mm) from u(0)c(0) was estimated as 5.3 %, which is equivalent to the extent of data scattering for each measurement. We also examined the effect of Δ on the PDF for u and c. It was ascertained that there is almost no effect of Δ on these PDF distributions. Further, it is noted that Δ = 0.3 mm is less than Taylor microscale in the region of x/d ≥ 30 in the present measurements.
Results and Discussion

Fundamental Characteristics of Velocity and Diffusion Field
Although the figures are not shown here, for 10 ≤ x/d ≤ 100, the evolutions of the axial 
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respectively. Figure 3 shows the radial profiles of the axial mean velocity U and the mean concentration C. In the figure 
The radial profiles of the nondimensional r.m.s. values u /u c , c /c c and the relative intensities u /U, c /C for the velocity and concentration are shown in Fig. 4 . The profiles show a good similarity, and there are also no changes in the shapes of profiles though the Reynolds number is changed. Here, we note that the radial profiles of the r.m.s. value for the axial velocity and concentration show a peak off the jet centerline, and the peaks for the concentration appear more off the jet centerline than the velocity. In the figure, other researchers' profiles are also shown. Chevray and Tutu (10) measured the temperature (Pr = 0.7) and Panchapakesan and Lumley (8) measured the concentration of the helium gas (Sc = 0.7). The present data show almost the same profiles as other researchers' ones for both u and c .
Turbulent Reynolds Number
When the derivative statistics are discussed, the turbulence Reynolds number R λ is important. R λ is defined by where λ is the Taylor's microscale. In this study, the Taylor's microscale is determined by the following equation
which is proposed by Friehe et al. (11) for the axisymmetric turbulent jet. The validity of this equation is confirmed by Antonia et al. (12) and it is also proper for the present experiments.
From Eq.(6), we obtain R λ = 290, 313 and 340 on the jet axis at x/d = 30, 50 and 70, respectively for Re = 13,000, and R λ =227, 288 at x/d = 50 for Re = 6,300, 9,500. Figure 5 shows typical time signals of the velocity, concentration and their temporal derivatives ∂u/∂t, ∂c/∂t. In this study, the derivatives of the velocity and concentration are calculated by the following Taylor 5-points expansion, Fig. 7 Reynolds number variations of the skewness and flatness factor of the streamwise velocity derivative ∂u/∂x. All the data are reproduced from Sreenivasan and Antonia (1) except for the present experiments where x i is the discrete data and Δt is the sampling interval. The PDFs for the streamwise velocity derivative X = ∂u/∂x and the streamwise concentration derivative Y = ∂c/∂x are shown in Fig. 6 . The ordinate and abscissa are normalized by the r.m.s. value of each derivative. Here, the Taylor hypothesis,
Derivative PDF
was used in order to transform the temporal derivative into the spatial derivative. From the figure, it is found that the derivative PDFs show the approximately exponential tails for both of velocity and concentration. In particular, it is noticed that, for the velocity, the positive tail slopes more steeply than the negative one, i.e. the PDFs for ∂u/∂x skew negatively. On the other hand, the PDFs for ∂c/∂x show the almost symmetric distributions. The PDFs for the ∂u/∂x of this study are narrower than the one of Van Atta and Chen (13) in the figure.
This may be because the results of Van Atta and Chen (13) are for the very large Reynolds number turbulence in the atmospheric boundary layer. We will discuss the Reynolds number dependency of the derivative skewness and flatness factor of the PDF in the next section. In the figure of the PDFs for Y = ∂c/∂x, also are shown the simulation results for the homogeneous isotropic turbulence (R λ = 52, 185) obtained by the DNS of Overholt and Pope (14) and the experimental result of homogeneous shear flow (R λ = 200) obtained by the Ferchichi and Tavoularis (15) . Here, we should note that in these studies a passive scalar is the temperature (whose Prandtl number is about 0.7). From the figure, it is found that the PDFs of Overholt and Pope (14) and Ferchichi and Tavoularis (15) are skewed positively. However the PDFs of the present experiment show almost symmetric distributions. Figure 7 shows the Reynolds number dependency of the derivative skewness S ∂u/∂x and flatness factor F ∂u/∂x of the streamwise velocity. In the figure, the values of −S ∂u/∂x are shown, since S ∂u/∂x usually shows the negative value. All the data except for the present experiments are reproduced from Sreenivasan and Antonia (1) . From figure, it is found that the derivative skewness and flatness factor increase monotonically with Reynolds number. The present results are also almost consistent with other researchers' results. The derivative skewness S ∂c/∂x and flatness factor F ∂c/∂x of the concentration ∂c/∂x are shown in Fig. 8 . It is known that S ∂c/∂x depends on the sign of product of mean velocity gradient and mean concentration gradient (1) . So, the magnitude of the derivative skewness
Derivative Skewness and Flatness Factor
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Vol. 3, No.2, 2008 Fig . 8 Reynolds number variations of the skewness and flatness factor of the streamwise scalar derivative ∂c/∂x. All the data are reproduced from Sreenivasan and Antonia (1) except for the present experiments S ∂c/∂x is shown in the figure. As is the case of the velocity, all the data except for the present experiments are reproduced from Sreenivasan and Antonia (1) , where all the data are for the temperature fields. It is found that the flatness factors obtained by the present measurements show the values of 7.0 ∼ 8.0 which are consistent with other results. However, the magnitudes of the skewness are close to zero which is much smaller than the other results (0.5 ∼ 1.0). This means that the derivative PDF shows the almost symmetric distribution. With regard to this results, Holzer and Siggia (16) predicted that the longitudinal derivative PDF shows the symmetric distribution in the limit of large Péclet number Pe (≡ u L/D; L: integral scale of velocity field). Recently, Yeung et al. (5) reported the effect of Schmidt number on passive scalar in the forced isotropic and homogeneous turbulence using the direct numerical simulations. In their report, it was shown that the transverse concentration derivative PDF skews to the negative side at Sc = 1, but the PDF becomes more symmetric at higher Sc and approaches the almost symmetric distribution at Sc = 64. These results suggest the existence of Schmidt number dependency for the profile of the derivative PDF of the passive scalar. Here, we should notice that in the past, the derivative PDFs of the passive scalar are mainly investigated for the temperature fields and there are still little reports for high Schmidt-number matter. In the future, more experiments using the high Schmidt-number matter will be expected.
Concluding Remarks
In the jet diffusion field of a high-Schmidt-number matter, the simultaneous measurements of axial velocity and concentration have been performed by the combined probe of I-type hot-film and fiber-optic concentration sensor. Then the skewness and flatness factors of the PDFs (Probability Density Function) for the streamwise velocity derivative ∂u/∂x and streamwise concentration derivative ∂c/∂x were investigated. It was found that the PDFs for ∂u/∂x skew negatively, and the values of skewness (S ∂u/∂x ) and flatness factor (F ∂u/∂x ) are consistent with the other data. However, with regard to the PDFs for ∂c/∂x, the skewness (S ∂c/∂x ) show the magnitudes very close to zero which is much smaller than the past other data which show the magnitudes of 0.5 ∼ 1.0. On the other hand, the flatness factor (F ∂c/∂x ) show the values of 7.0 ∼ 8.0 which are consistent with other data. These results suggest that the fine-scale structure of a high-Schmidt-number diffusion field is almost isotropic although it is intermittent. It is the future work to investigate whether the above symmetric and intermittent characteristics for the PDF of the streamwise concentration derivative is attributed to the large value of the Schmidt number or not.
